Human cytomegalovirus (HCMV), a betaherpesvirus, is a major opportunistic pathogen of humans with a worldwide distribution. Primary infection with HCMV in persons with a normal immune system is generally asymptomatic, while in rare cases a self-limiting, mild mononucleosis syndrome, or even more severe manifestations, may develop. In contrast, in immunocompromised persons (e.g., organ transplant recipients), HCMV frequently causes systemic disease with typical clinical consequences, like retinitis, pneumonitis, or gastroenteritis. The incidence of HCMV disease in AIDS patients, in comparison, has dramatically decreased since the availability of potent antiretroviral therapy. Furthermore, congenital infection is a major problem with HCMV, since this may result in a severe, generalized cytomegalic inclusion disease (CID) of the neonate (reviewed in reference 6).
At present, clinically available drugs for antiviral therapy include the inhibitors of viral DNA polymerase, ganciclovir (GCV; also called Cytovene or Cymeven), foscarnet (FOS; also called Foscavir), and cidofovir (CDV; also called Vistide). All these drugs have low oral bioavailability and dose-related toxicities (13, 27) ; consequently, novel antiviral compounds with improved efficacy and fewer side effects are needed. Currently, several drugs with anti-HCMV activity are in preclinical or clinical evaluations. These include a series of benzimidazole riboside compounds (BDCRB, TCRB, 1263W94, and others) showing efficient inhibition of various steps in HCMV replication (e.g., genomic DNA maturation) (18, 33 ; reviewed in reference 9). Another attractive inhibitor candidate was described by studies on the phosphorothioate oligonucleotide fomivirsen (ISIS 2922), which specifically binds to sequences complementary to the major immediate-early transcription unit of HCMV and thereby inhibits the onset of viral gene expression (2, 25 ; reviewed in reference 26) . However, at present these inhibitor compounds await further examination before they can be used in general clinical applications.
The development and characterization of antivirals strongly depend on appropriate screening assays. These should allow for flexible ways of in vitro testing and, possibly, be compatible with confirmation assays of similar kinds. Plaque reduction assays (PRA) are most frequently used for the determination of the drug sensitivities of laboratory strains and natural isolates of HCMV with respect to antiviral clinical treatment or drug design (7, 25, 30, 33) . Modifications of this technique providing simplified assay conditions have been published (28) . Nevertheless, PRA has the disadvantages of being labor-intensive and time-consuming. Alternative tests have been established in the form of DNA-DNA hybridization methods (10) and flow cytometry analyses (16, 22) , the latter providing the opportunity to analyze a large number of cells rapidly. Yet skill is necessary to achieve intracellular staining of viral antigens for flow cytometry, and protocols are restricted to use in specified applications.
By use of a recombinant green fluorescent protein (GFP)-expressing HCMV, we have established a novel assay, termed the GFP-based antiviral assay, allowing for the investigation of infected human fibroblast cultures by various methods of analyzing viral and antiviral parameters. In this study, besides the most convenient and rapid measurement using automated fluorometry, additional methods were used for final evaluation, e.g., flow cytometry and fluorescence microscopy. Consequently, both screening and confirmation tests can be accomplished via this strategy. In addition, the GFP-based antiviral assay is rapid, does not require specialized experimental skill, and opens up new possibilities for routine or research applications.
MATERIALS AND METHODS
Cell culture and virus. Primary human foreskin fibroblasts (HFF) were cultivated in minimal essential medium (MEM) containing 5% (vol/vol) fetal calf serum. Infection analysis was restricted to cell passage numbers below 20. HCMV strain AD169 was grown in HFF and quantitated for infectivity by a PRA. Aliquots were stored at Ϫ80°C. P]dATP. Hybridization was performed for 24 h at 68°C, and autoradiography was carried out with X-OMAT AR films (Amersham) according to the instructions of the manufacturer.
Isolation of drug-resistant virus. A series of laboratory variants of AD169-GFP virus with resistance to GCV was generated. HFF were infected in 12-well plates at a multiplicity of infection (MOI) of 0.002 and were incubated with 1 M GCV. GFP expression in infected cells was monitored microscopically, and the supernatants of positive wells were transferred to fresh cells weekly. Thereby GCV concentrations were increased stepwise (a 1 M increase in each step) up to the point where the total virus replication became critical and resistant virus grew in individual wells. Using supernatants of these wells, two rounds of plaque purifications were performed on HFF. Finally, GCV-resistant viral clones (e.g., AD169-GFP314) which were able to replicate in the presence of 10 M GCV were isolated.
Plaque purification and PRA. HFF were cultivated in 12-well plates to 90 to 100% confluency and used for infection with dilutions of virus stocks (i.e., AD169, AD169-GFP, or AD169-GFP314). Virus inoculation was performed for 90 min at 37°C with occasional shaking before virus was removed and the cell layers were rinsed with phosphate-buffered saline (PBS). Overlays of MEM containing 5% (vol/vol) fetal calf serum and 0.3% (wt/vol) agarose were added to each well. The plates were incubated at 37°C under a 5% CO 2 atmosphere for 8 to 12 days. For plaque purification of GFP-expressing viruses, plates were used for fluorescence microscopy, and GFP-positive plaques were picked from the overlays and transferred to fresh cells for virus multiplication. For PRA, antiviral compounds were incubated in the overlays after infection. Overlays were removed, and plaque formation was visualized by staining with 1% crystal violet in 20% ethanol for 1 min. After repeated rinsing with PBS, plates were air dried at room temperature, and plaque numbers were counted with a light microscope. For the GFP-expressing recombinant viruses, quantification of plaques in PRA could be performed alternatively by direct counting of the numbers of green fluorescent plaques using fluorescence microscopy. Antiviral compounds. The reference compounds GCV, FOS, and CDV were purchased from Syntex Arzneimittel/Roche (Aachen, Germany), Sigma-Aldrich (Steinheim, Germany) and Pharmacia & Upjohn S.A. (Luxembourg), respectively. A further reference compound, A77 1726 (referred to below as A77) ([N-(4-trifluoromethylphenyl)-2-cyano-3-hydroxycrotoamide], the active metabolite of leflunomide; obtained from Axxima Pharmaceuticals AG, Martinsried, Germany), has recently been described as a potent inhibitor of HCMV replication (35) . This agent appears to act at a late stage in virion assembly by preventing tegument acquisition by viral nucleocapsids (35) . A series of putative antivirals (compounds 1 to 54) were obtained from Axxima Pharmaceuticals AG. Compounds 1 to 54 are partly structurally related and are derived from a novel lead substance with antiviral activity. The mechanism of action of these compounds is unknown and requires further investigation. Stocks were prepared in aqueous solution (GCV, FOS, and CDV) or in dimethyl sulfoxide (DMSO) (A77 and compounds 1 to 54), and aliquots were stored at Ϫ20°C.
GFP-based antiviral assay. HFF were cultivated in 12-well plates to 90% confluency and used for infection with AD169-GFP virus at a tissue culture infective dose of 0.5 (GFP-TCID 50 0.5, referring to an MOI of 0.002 as determined by plaque assay titration). Virus inoculation was performed as described above. Then infected cell layers were incubated with 2.5 ml of MEM containing 5% (vol/vol) fetal calf serum with or without a dilution of one of the respective test compounds. Infected cells were incubated at 37°C under a 5% CO 2 atmosphere for 7 days. For lysis, 200 l of lysis buffer (25 mM Tris [pH 7.8], 2 mM dithiothreitol [DTT], 2 mM trans-1,2-diaminocyclohexane-N,N,NЈ,NЈ-tetraacetic acid, 1% Triton X-100, 10% glycerol) was added to each well and incubated for 10 min at 37°C, followed by a 30-min incubation at room temperature on a shaker. Lysates were centrifuged for 5 min at 15,000 rpm in an Eppendorf centrifuge to remove cell debris. One hundred microliters of the supernatants was transferred to an opaque 96-well plate for automated measuring of GFP signals in a Victor 1420 Multilabel Counter (Wallac).
Cytotoxicity assay. HFF were cultivated in 48-well plates until confluency was reached. Antiviral compounds were incubated in the medium at 37°C for 7 days, before a measurement of the lactate dehydrogenase (LDH) activity in the residual cell layer was performed by use of the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). For this, culture media were removed, and cells were rinsed with PBS and lysed in a 1ϫ concentration of the kit lysis buffer (100 l per well). After incubation for 45 min at 37°C, the cell debris was removed by centrifugation and 10 l of each lysate was diluted in a total of 50 l of PBS for the determination of LDH activity. Fifty microliters of substrate mix was added to each well and incubated for 30 min at room temperature in the dark. Thereafter, 50 l of stop buffer was added, and the color reaction was quantitated by use of an enzyme-linked immunosorbent assay (ELISA) reader (optical density [OD] at 490 nm).
Flow cytometry. HFF were grown on 6-well plates, infected with HCMV, and subsequently cultivated in the presence or absence of inhibitory substances. After the incubation period, cells were harvested, fixed in solution by use of 3% formaldehyde in PBS for 15 min at room temperature, washed, resuspended in 500 l of PBS including 1% fetal calf serum, and directly analyzed for GFP fluorescence by flow cytometry. For propidium iodide (PI) conterstaining, the fixed cells were incubated in a freshly prepared staining solution (50 g of PI/ml, 100 Kunitz units of RNase A/ml, 0.1% glucose in PBS) and incubated for 30 min at room temperature in the dark. Samples were analysed on a FACStrak flow cytometer (Becton Dickinson, San Jose, Calif.) at an excitation wavelength of 488 nm. The green and red fluorescence absorbances were collected using 530-and 585-nm band-pass filters, respectively. Samples were gated on forward scatter and 90°-angle side scatter to exclude debris and clumps. A minimum of 10 5 events were collected for each sample. Data were displayed on a 4-decade log scale.
Indirect immunofluorescence analysis. Cells were either grown on Lab-Tek Permanox slides (Nunc) or harvested from 6-well plates, spotted onto glass slides with marked rings (Medco), and fixed by a 15-min treatment with 3% formaldehyde in PBS, followed by permeabilization for 15 min in 0.1% Triton X-100 in PBS at room temperature. Blocking was achieved by incubation with Cohn Fraction II/III of human ␥-globulins (Sigma; 2 mg/ml) for 30 min at 37°C. The IE1/IE2-specific or MCP (major capsid protein)-specific primary antibodies were 
RESULTS
Generation of GFP-expressing HCMV. Recombinant HCMV was constructed by the technique of homologous recombination in transfected-infected cells (32) (Fig. 1a) . After neomycin selection, viral clones expressing high levels of the humanized version of green fluorescent protein, gfp-h (36), were isolated and separated by plaque purification. The expression cassette was inserted into the unique short region (US) of the HCMV genome between open reading frames US9 and US10. This locus has previously been used for insertion of heterologous genes and was described as a region encoding nonessential genes for replication in human fibroblast cells (14, 17, 20) . The structure of the rearranged viral genome was analyzed by restriction mapping and demonstration of specific DNA fragments by Southern blotting (Fig. 1b ). An expected fragment of the correct size, localization, and orientation was detected for six plaque-purified clones. No coexisting fragments of wildtype origin were detected, confirming the purity of the recombinant viruses.
Normal growth characteristics of the recombinant virus and quantification of viral replication by use of GFP. The recombinant virus AD169-GFP was grown by continued passaging in HFF cultures and was subsequently tested for growth characteristics in comparison to those of the parental AD169 virus. Both viruses were used for infection of HFF, and the production of infectious progeny virus was determined along a time course of 12 days postinfection (Fig. 2a) . Comparable kinetics were found for AD169-and AD169-GFP-infected cultures, showing a major increase in virus release between days 2 and 4, with peak titers obtained between days 6 and 10. A mean fourfold reduction in titers was seen for AD169-GFP with respect to AD169, which is in the same range described for other viable recombinant HCMVs (29, 34) . These results indicate that the production of infectious virus is not markedly impaired by the genomic insertion of the recombination cassette.
Infectious doses of AD169-GFP virus were evaluated by serial dilutions of viral inoculum and detection of the derived GFP synthesis in infected cells by automated fluorometry (Fig.  2b) . For the duration of the experiments, increasing GFP synthesis could be monitored directly on the cultivation plates by fluorescence microscopy of living, unfixed cells. The time point of 7 days was found to allow the best reading of GFP signals. As shown by measurements in automated fluorometry, distinct levels of GFP signals correlated with the doses of viral inocu- lum used for infection. Accordingly, the GFP-TCID 50 was determined and taken as the basis for calculations of appropriate viral inoculum concentrations used in further experiments.
Sensitivity and reproducibility of the GFP-based antiviral assay in comparison to the PRA. On the basis of quantitative GFP expression of the recombinant virus, we established a novel detection system for antiviral activities against HCMV. GFP signals from AD169-GFP virus-infected, cultured cells grown in the presence or absence of antiviral agents were determined. For optimization of the GFP fluorometry in antiviral-activity studies, limited concentrations of the viral inoculum AD169-GFP were chosen in order to avoid rapid cell destruction by viral replication (GFP-TCID 50 , 0.5; MOI, 0.002). Infections at a low MOI also particularly supported the visualization of antiviral inhibitory effects exerted at later stages of the replicative cycle (e.g., virus maturation or release). First, the GFP-based antiviral assay was compared to the conventional PRA (Fig. 2c) . For this, AD169-GFP virus was used for infection of HFF and the inhibitory effects of two concentrations of GCV were measured by both methods (Fig.   FIG. 2 The dilution at which 50% of maximal GFP synthesis was detectable was noted as the GFP-TCID 50 . (c) Comparison between the PRA and the GFP-based antiviral assay. HFF were infected with one of the three viruses AD169, AD169-GFP, and AD169-GFP314 in 12-well plates at an MOI of 0.002. GCV was incubated at 2 or 10 M in the overlays or supernatants, respectively. Eight to 10 days (PRA) and 7 days (GFP-based antiviral assay) postinfection, cells were harvested and used for quantification. All determinations were performed in triplicate, and relative values are given as the percentages of values for control infections without GCV (Virus). (d) The reproducibility of the GFP-based antiviral assay was demonstrated by a series of three independent testings which were started on three consecutive days (Assays 1, 2 and 3); for each measurements were taken 7 days postinfection. HFF were infected with AD169-GFP virus as for panel c or were mock infected (Mock). Infected cells were cultivated in the presence of GCV (10 M), A77 (20 M), or no inhibitor (DMSO at 0.02%). Cells were lysed, and all samples were measured by GFP fluorometry. Relative GFP expression is given as percentages of expression for control infections without inhibitor (DMSO), and the mean of each triplet, including error bars, is shown. 2c, center). Dose-dependent virus inhibition was detected in both cases (with a significantly higher inhibition at 10 M GCV than at 2 M), and signal reduction was detected with higher sensitivity in the GFP-based antiviral assay than in the PRA. In parallel, parental AD169 virus was tested in the PRA (Fig. 2c, top) and likewise showed GCV sensitivity. GCV resistance (8), on the other hand, was tested using the virus variant AD169-GFP314, the phenotype of which was based on the resistance-conferring mutation M460I in the viral UL97 coding sequence (sequencing data not shown). Replication of AD169-GFP314 virus was not inhibited in the presence of 2 or 10 M GCV, as demonstrated by either of the two test systems (Fig. 2c, bottom) . The sensitivity of AD169-GFP314 virus to A77, however, was still detectable by both test systems (data not shown). Secondly, in order to demonstrate the reproducibility of the GFP-based antiviral assay, a series of three independent testings was performed using either GCV or A77. As shown in Fig. 2d , the results from these experiments showed low variability, suggesting an excellent reproducibility of the GFP-based assay.
The GFP-based antiviral assay as a screening system for novel antiviral compounds. In order to evaluate whether the GFP-based antiviral assay could be used as a screening system for novel antivirals, a limited number of compounds were tested for their effects on the replication of AD169-GFP (Fig.  3) . The well-characterized HCMV inhibitors GCV, FOS, and CDV (reviewed in references 6 and 19), acting both in vitro and in vivo, as well as the recently described antiviral agent A77 (35) , were tested as reference compounds to provide a proof of concept. Each of the four antivirals caused a strong reduction in GFP signal production with respect to the infected cell controls ( Fig. 3 ; GCV, FOS, and CDV versus Virus; A77 versus DMSO). FOS exerted a lower inhibitory activity than GCV, CDV, and A77. CDV was most active at both concentrations tested.
Moreover, a random screening was performed by testing the uncharacterized novel compounds 1 to 53 in parallel. The panel of derivatives showed graduated degrees of inhibitory effects compared to the infection control ( Fig. 3 ; #1 to #53 versus DMSO). Several compounds, e.g., compounds 4, 12, 47, and 48, did not efficiently reduce viral replication at the 20 M concentration and likewise showed only low inhibitory activity at 100 M. Eleven compounds, however, i.e., compounds 1, 16, 19, 29, 36, 43, 46 , 49, 51, 52, and 53, were highly active at both concentrations, whereas others, e.g., compounds 5, 6, 7, 10, 24, 33, and 40, ranged within the intermediate level. As a control, the solvent DMSO in the absence of inhibitors showed a moderately stimulating effect on viral replication. Thus, a random screening, leading to a categorization of putative antivirals in grades of effectiveness, could reliably be performed by use of the GFP-based antiviral assay.
Determination of IC 50 and cytotoxicity values for selected compounds. A concentration-dependent determination was performed with the HCMV-inhibitory compounds selected by the screening (Fig. 4a and b) . The reduction in GFP signals was proportional to distinct concentrations of antiviral compounds (tested from 0.032 to 500 M). Inhibitory concentrations resulting in 50% (IC 50 ) or 90% (IC 90 ) inhibition of viral replication were calculated for GCV, FOS, and CDV as shown in Fig. 4a . In this assay, CDV was the most potent antiviral drug (IC 50 , 0.03 M). IC 50 s were also determined for the A77 and compounds 19, 46, 49, and 53. They ranged between 2.4 and ) and determination of cytotoxicity (c). HFF were used for infection with AD169-GFP virus (GFP-TCID 50 , 0.5; MOI, 0.002) and treated with known or putative antivirals in a range of concentrations as indicated. All substances were incubated immediately after infection by addition to the culture medium, and cells were assayed for GFP expression on day 7 postinfection. One hundred percent GFP expression was defined for the infection control (Virus) in panel a or the DMSO-treated infection control (DMSO) in panel b. The final DMSO concentration in panel b was 0.2% for all samples. For the determination of cytotoxic effects, uninfected HFF were treated with each one of a selection of putative antiviral compounds and analyzed by the cytotoxicity assay (c). Cell layers were harvested 7 days postincubation and used for the standard quantification of the LDH content in the viable, residual cell layer. Five selected novel compounds (dissolved in DMSO) and GCV (in aqueous solution) were assayed at the concentrations indicated, and the percentages of LDH activity of residual cell layers (cell viability) were expressed in relation to an untreated control. As a control for solvent effects, cells treated with an equivalent serial dilution of DMSO (0.0016 to 1%) were assayed in parallel. All data in all panels were produced by double determinations, and mean values are shown. For abbreviations, see Fig. 3 . (Fig. 4b ) and thus were higher than those obtained for GCV and CDV but lower than that obtained for FOS. In general, IC 50 s of known antivirals determined by the GFPbased antiviral assay were comparable to those obtained by other antiviral test systems and particularly correlated with very sensitive HCMV quantification methods like the DNA-DNA hybidization. For instance, the IC 50 of GCV for AD169-GFP virus was measured as 0.5 M using our GFP-based antiviral assay. In comparison, the IC 50 s of GCV for laboratory strain AD169 as well as clinical isolates were likewise determined in a range between 0.3 and 4.7 M using the DNA-DNA hybidization method (3, 11) . Compared to that, slightly higher IC 50 s were obtained, ranging between 1.7 and 8.5 M or between 1.14 and 20 M, using the conventional PRA (7, 30) or flow cytometry (16, 22) , respectively. Thus, comparison of our results with established methods indicates a high sensitivity of the GFP-based antiviral assay.
M
Cytotoxic effects of a set of selected antivirals were tested on HFF (Fig. 4c) . Compounds A77, 19, 46, 49, and 53 (tested in parallel to the solvent DMSO), as well as GCV, induced either no cytotoxic effect or restricted cytotoxic effects at those concentrations showing antiviral activities in our test system (0.8 to 100 M) and possessed increasing degrees of cytotoxicity at higher concentrations (500 M). Thus, the viral GFP signal reduction at low concentrations up to 20 M and, at least for the main part, also at 100 M, measured for these six compounds does not result from cytotoxic effects but from antiviral activity.
Confirmation of antiviral activities by further GFP-based methods. Antiviral activity was confirmed (measured by GFP expression as a percentage of that in infected control cells) by GFP-specific flow cytometry (Fig. 5a through d) . Initial GFP signals were detected in all infected samples at 1 day postinfection, which resulted from a primary phase of viral gene expression derived from unreplicated inoculum virus: GFPpositive cells were detected in a range between 14.4 and 21.2%. At later time points, the increase or decrease in signals was considered as a marker for the proceeding or the inhibition of viral replication, respectively. In Fig. 5a and c, high signal peaks in infected cells (Virus) and solvent-treated infected cells (DMSO), measured at 7 day postinfection, indicated massive viral gene expression during replication. In comparison, infected cells subjected to antiviral compounds (GCV or A77) were almost devoid of GFP signals at this time point (Fig. 5b  and d) . The quantitative determination of this flow cytometry analysis revealed that 96.1 and 96.3% of cells were GFP positive in infected cultures not treated with antivirals (Fig. 5 , Virus and DMSO) compared to Ͻ0.1 and 9.1% for infected cultures under antiviral treatment (GCV and A77). At 3 days postinfection (not shown), the GFP signal levels were intermediate in quantity (compared to those at days 1 and 7), which illustrated a continuous, quantifiable increase or decrease in GFP expression in the absence or presence of specific HCVM inhibitors, respectively. This finding also indicates that a rapid pretesting protocol (e.g., a 3-day measurement) might be applicable for large-scale screenings.
In addition to the measurement of antiviral activities of chemical compounds, cytotoxicity could be evaluated in the same samples by flow cytometry analysis. As depicted in Fig. 5e through k, counterstaining with PI facilitates the distinction between specific antiviral activity and nonspecific cytotoxicity of selected compounds in all cases where a reduction in GFP signals is detectable. GFP signals in cells infected with AD169-GFP virus were determined as 46.0% (compared to mockinfected negative cells; Fig. 5e and g ). The antiviral effect of GCV (10 M) resulted in a decrease in the GFP-specific signal to 5.4% (Fig. 5h) and no increase in the cell population with low PI staining, i.e., low DNA content, was noted ( Fig. 5g and  h, lower areas) . In contrast, the uncharacterized compound 54, which likewise caused a reduced GFP signal, strongly induced a cytotoxic effect, as illustrated by a high portion of cells with low PI staining (Fig. 5f, lower areas) . Furthermore, the resistant phenotype of viral variant AD169-GFP314 was confirmed by the fact that viral GFP expression was not significantly impaired by the incubation of 10 M GCV during infection (69.4% versus 69.7% positivity; Fig. 5i and k) . Thus, besides automated fluorometry, flow cytometry could be used in a quantitative manner to confirm and specify antiviral activities directed to HCMV replication.
Furthermore, indirect immunofluorescence of native viral proteins combined with GFP reporter fluorescence analysis was performed on fibroblasts infected with AD169-GFP virus (data not shown). Viral immediate-early (IE) proteins were chosen for this approach, since expression of the GFP-coding sequence (gfp-h) from the AD169-GFP genome was likewise driven by a copy of the IE enhancer/promoter, which represents an essential, highly conserved control element of cytomegaloviruses (31; reviewed in reference 24). It should be noted that in the kinetics of AD169-GFP virus infection, viral IE proteins were detectable earlier (starting approximately 6 h postinfection) than GFP fluorescence (starting approximately 24 h postinfection). The reason for this remains unexplained so far. In parallel, the synthesis of viral late antigen was determined to monitor the extent of full viral replication cycles. As determined in a kinetic study performed for days 1, 3, and 7 postinfection, viral IE proteins were detected first and appeared in a costaining with GFP fluorescence which increased over time when no inhibitory substances were added. In the presence of the inhibitor GCV (10 M) or A77 (100 M), both fluorescence signals gradually diminished. Viral late antigen was not detected before 3 days postinfection, followed by a strong increase in the absence of inhibitors compared to a lack of increase in the presence of the inhibitor GCV or A77. Thus, all detected markers of gene expression were sensitive to antiviral treatment as measured at day 7 (strong signal effects) and also day 3 postinfection (moderate signal effects). These findings confirm that the antiviral activities determined by the GFP-based antiviral assay reliably reflect the actual state of viral replication.
DISCUSSION
A recombinant GFP-expressing HCMV was selected and successfully applied for quantitative analyses, in that GFP production could be directly utilized due to its strict proportionality to virus replication. Consequently, antiviral effects were detectable by different approaches, like fluorescence microscopy, automated fluorometry, and flow cytometry. This sequence of methodical applications was shown to be highly useful for step-by-step determination of antiviral parameters. For this, qualitative and semiquantitative evalutions at early times of infection (GFP fluorescence microscopy) could be directly linked to automated screening procedures on larger scales (fluorometry) and more detailed confirmation analyses directly combined with determination of cytotoxicity (flow cytometry).
So far, only a few reports have been published describing recombinant herpesviruses or recombinant cell systems for herpesviral replication (4, 15, 21) , which might provide tools for large-scale studies and antiviral screening tests. Our approach was based on an antiviral screening procedure which was considered to be easily adaptable with confirmation tests. The use of recombinant GFP-expressing HCMV as a reporter virus offered various possibilities of virus quantification which have not been sufficiently provided by conventional tests so far. In particular, the quantification by automated fluorometry offered an opportunity to perform antiviral screenings in a simple and reliable manner which may also be adaptable to highthroughput screening (HTS).
Advantages of the GFP-based antiviral assay are the simplicity of handling, the relative ease and reliability of quantification, and the possibilities of combining the system with confirmation tests as well as rapid pretestings, e.g., 3-day measurements. Considering the automated readout of GFP signals in screening tests, low levels of test variability can be achieved, particularly, lower than those obtained by microscopic plaque evaluation (see Fig. 2 ). These advantages are opposed to the obvious restriction in testing larger numbers of viral strains. Yet the generation of resistant variants, derived from the GFP-expressing AD169-GFP virus, illustrated possibilities for broadening the spectrum. Furthermore, attempts to transfer the GFP reporter module to the genome of natural viral isolates are presently under way and may be facilitated by the use of bacterial artificial chromosome (BAC)-cloned CMVs as recently reported for HCMV strain AD169 (5) and murine CMV (23) . In general, the GFP-based antiviral assay might be a useful tool in diverse antiviral research approaches and may also allow for the characterization of distinctly generated GFPexpressing viruses.
